JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abstract. It is widely acknowledged (1) that meningeal helminths (Parelaphostrongylus tenuis) carried by white-tailed deer (Odocoileus virginianus) but fatal to moose (Alces alces) and other cervids, have caused widespread population declines where deer have invaded the ranges of other cervids, (2) that meningeal worms can alter the outcome of interspecific competition between cervid hosts, and (3) that moose populations persist on enzootic range in habitat refuges not frequented by deer. Further, some attempts to reintroduce other cervids to range now occupied by deer have failed. However, moose have been observed to persist on range sympatric with deer, there is evidence that at least one moose population introduced to range with deer is growing, and other events (such as habitat change) are confounded with the presumed effects of meningeal worms. Thus, it is still not clear whether the mortality of individual cervids attributed to meningeal worms necessarily has the effects on population dynamics ascribed to it.
INTRODUCTION
Parasites have been implicated as a potentially important, but poorly studied, factor in ecological interactions between host populations of native and introduced species (Dobson and May 1986) . In particular, it is thought that parasites carried by a species that is the normal host can affect changes to the population sizes of other species. A classic example is the one involving the meningeal helminth parasite Parelaphostrongylus tenuis, its gastropod intermediate hosts, its normal definitive host, white-tailed deer (Odocoileus virginianus), and at least two alternative definitive hosts, moose (Alces alces) and woodland caribou (Rangifer tarandus) (Holt and Pickering 1985, Price et al. 1988) . It has been argued that the presumed inferior competitor, white-tailed deer, would be excluded from the ranges of moose or caribou were it not for the fact that P. tenuis infections, clinically benign in whitetailed deer, are almost always fatal to moose and caribou (Anderson 1972 , Lankester 1987 . Thus, it has been hypothesized that deer, with the parasite as a "weapon of competition," are able to effectively exclude moose and caribou from former range (e.g., Price et al. 1988, Bergerud and Mercer 1989) .
There is a large body of literature reporting on the epizootiology of P. tenuis in North American cervids (see reviews in Anderson 1972 , Lankester 1987 ) which indisputably demonstrates that P. tenuis can cause rapid mortality of clinically infected ungulates other than white-tailed deer. Based largely on this evidence, it is widely believed (Nudds 1990 ) that: (1) major declines of moose and caribou populations in the southern limits of the boreal forest were due to infection by P. tenuis following invasion of this range by infected white-tailed deer, and (2) reintroductions of moose or caribou are ill-advised where deer are present (Anderson 1972 , Trainer 1973 , Bergerud and Mercer 1989 .
However, over large areas of formerly exclusive moose range, and sometimes under conditions of high deer densities, moose populations appear to persist (see Cole 1981, and B. A. Bogaczyk and W. B. Krohn, unpublished manuscript) . To account for this observation, it was hypothesized that moose resided in refuges from the disease -localized pockets of habitat not frequented by deer (Telfer 1967 , Gilbert 1974 , Kearney and Gilbert 1976 .
Challenges can be mounted to the hypotheses that (1) P. tenuis cause declines in moose populations, and (2) where moose persist on range sympatric with deer, it is because moose reside in refuges. Although there is much experimental evidence that infected individual moose and caribou die rapidly following infection, and that small numbers of caribou fail to survive when introduced to areas (islands and enclosures) with high densities of infected white-tailed deer (Bergerud and Mercer 1989) , it is not clear whether mortality of individual moose or caribou under these conditions necessarily translates into a significant effect on natural populations. This remains a testable hypothesis (Nudds 1990 , Welch et al. 1991 . Nudds (1990) pointed out that the first hypothesis had never been "tested" rigorously and that other factors ultimately might be responsible. It has been recognized that deforestation could negatively affect moose populations (Cole 1981 , Nudds 1990 ). On the other hand, it might enhance moose populations by increasing food availability (Gilbert 1992) or through disruption of parasite transmission (Irwin 1975 , Strayer et al. 1986 B. A. Bogaczyk and W. B. Krohn, unpublished manuscript) . The hypothesis that large-scale habitat alteration ultimately caused declines of moose or caribou populations has been entertained (Cole 1981 , Lankester 1987 , Bergerud and Mercer 1989 , Nudds 1990 ), but has largely been downplayed in favor of the parasite hypothesis (e.g., Lankester 1987, Bergerud and Mercer 1989) . However, the effects of habitat alteration and contact with deer are confounded and assigning importance to their separate effects is difficult empirically (Nudds 1990) .
One way to separate the effects of habitat change from the effects of parasite mortality on moose populations is to model the host-host-parasite system independently of habitat change and identify whether, and under what conditions, the parasite might be implicated in population declines, and, in particular, whether meningeal worms might modify competition between moose and white-tailed deer.
Our aim is not to assemble a model that faithfully describes the biological detail associated with each step in the life cycle of the hosts and parasite; information to accomplish this is still largely unavailable (Gilbert 1992 , Nudds 1992 . Rather, we tailor the general theoretical framework for the dynamics of helminth parasites and their hosts (Anderson 1980 , Dobson and Keymer 1985 , Dobson 1988 to describe qualitatively the interactions between white-tailed deer, moose, and the shared meningeal worm, and identify which biological features are important in the population dynamical interactions among these species, and which should have higher priority for measurement in the field.
We address two questions: (1) What are the biological conditions that result in reductions of moose populations once infected white-tailed deer have been introduced to moose range?, and (2) Are there conditions that enable moose to be reintroduced successfully to range occupied by white-tailed deer infected with P.
tenuis? MODEL FRAMEWORK
The generalized life cycle of P. tenuis is presented in Anderson and Lankester (1974: Fig. 2) . P. tenuis is a helminth parasite, predominantly of white-tailed deer, but may infect other ungulates (Anderson 1972, Anderson and Lankester 1974 ). The following model embodies the salient features of the life cycle of the parasite a-nd host described by Anderson and Lankester (1974) . Whenever specific details about the life cycle were missing, we assumed that the dynamics were similar to closely related host-parasite systems that are already described by conventional host-parasite models.
Population dynamics of definitive hosts
Based on previous evidence for large ungulates (Tanner 1966 , Fowler 1981 , Messier 1991 , Bartmann et al. 1992 we assume that both definitive hosts (white-tailed deer and moose) exhibit intraspecific density-dependent population growth. We also assume that the two species compete interspecifically. We do this for two reasons. First, based solely on empirical evidence, Price et al. (1988) argued that P. tenuis represented a classical case of parasite-mediated competition; we decided to explore this interesting idea more formally. Second, empirical evidence shows that many large herbivores may compete interspecifically (Sinclair 1979 , 1985 , Belovsky 1984 , and there is mounting speculation that moose and deer also compete (Karns 1967 , Prescott 1974 , Cole 1981 . We modelled competition using the familiar Lotka-Volterra equation
where Hi, ri, and Ki are, respectively, the population density, intrinsic population growth rate, and carrying capacity of host i, and aiIHj is the competitive effect of host j on host i. Because per capita intraspecific mortality rates seem to be linear functions of density in white-tailed deer and moose ( Fig. 1) , Eq. 1 can be converted into the conventional population growth equation for host-macroparasite systems (which assume linear density-dependent mortality of hosts [Anderson 1980 , Dobson 1988 ) by substituting ri = ai -bi and Ki = ri/3i, giving
where ai and bi are the instantaneous birth and death rates of host i and fi is the mortality rate due to host density. We assume that infected white-tailed deer do not die as a result of infection but that moose do. We assume further that the rate of parasite-induced host mortality is linearly proportional to the number of parasites moose harbor. The total rate of host mortality due to parasitic infection is then represented by
where bi is the parasite-induced host mortality rate per adult parasite and p(x) is the probability that a given host contains x adult parasites. Clearly, p(x) will depend on the statistical distribution of parasites per host at time t and the sum (Xxp(x)) is the mean of this statistical distribution (Anderson 1980, Dobson and Keymer 1985) . For most macroparasite species, the statistical distribution of parasites per host seems to be aggregated so that hosts mainly are uninfected or harbor only a very few parasites (Anderson and May 1978 , Anderson 1980 , Dobson and Keymer 1985 , Dobson 1988 . The form of the distribution in many cases is described by the negative binomial probability model (Anderson and May 1978 , Dobson and Keymer 1985 , Dobson 1988 ). This appears to be the case for P. tenuis in both deer and moose (Table 1 ). The mean of the negative binomial distribution is P/Hi May 1978, Anderson 1980) , where P is the population size of adult parasites at time t. Substituting P/Hi for 2xp(x) gives the net rate of parasite-induced host mortality as biP. However, because only one host species succumbs, mortality effects will be asymmetrical between host species. We therefore adjust biP by p = Hi/(Hi + H1) to account for mortality only from the proportion of the parasite population within the host species that succumbs to the disease. This assumes that the mean parasite burden per host is identical in both definitive host species. As a first approximation, we assume that the assumption holds, though empirical evidence for it may be weak (Table 1) .
Population dynamics offirst stage larvae Adult parasites (P) produce eggs that develop into first stage larvae (L,) within the definitive host. These larvae are then shed in the feces of definitive hosts. We ? Estimates of the negative binomial parameter k were obtained using the formula in Krebs (1989:84) . ? Based on a X2 test for randomness (Krebs 1989:77) . Whenever a significant departure from randomness exists, the dispersion is aggregated. assume any developmental delay between production of eggs and hatching of larvae is negligible when considered on the time scale of the entire parasite and host life cycle. Accordingly, production of first stage larvae per adult parasite is assumed to proceed at a rate X so that total production rate of first stage larvae by the parasite population is XP. Once on the ground, larvae remain dormant in the feces of the definitive hosts until they are encountered by intermediate hosts. During this time, individual larvae are subject to natural mortality at a rate ,u, due to desiccation or being washed away by rainfall. (First stage P. tenuis larvae can withstand freezing for prolonged periods [Lankester and Anderson 1968] .)
Infection of intermediate hosts, in this case gastropods (G), occurs when the gastropods crawl over the feces or the soil surface containing L, larvae, enabling larvae to bore into gastropod body tissue. Intermediate host populations will then acquire parasites at a rate proportional to intermediate host and larval density. The net rate of acquisition is given as AL, G, where A is the transmission rate of larvae to gastropod hosts.
Population dynamics of intermediate hosts
We assume that intermediate hosts exhibit densityindependent population growth such that rate of population increase is (ag -bg)G, where ag and bg are the instantaneous birth and death rates of the gastropods.
Intermediate hosts are also lost from the population as a result of a predator-prey interaction with definitive hosts (Anderson 1963, Lankester and Anderson 1968) . It is assumed that intermediate host abundance is not sufficient to cause satiation or handling effects on the consumption rate (i.e., produce a nonlinear functional response between intermediate and definitive hosts). This is likely to hold true for the ungulate-gastropod system because of the large disparity in size between the two types of host. Moreover, the interaction is one of accidental ingestion while the definitive hosts are grazing (Anderson 1963, Lankester and Anderson 1968) . Ingestion rate of uninfected intermediate hosts by definitive hosts is thus assumed to be directly proportional to the population densities of intermediate and definitive hosts given by qG(Hi + Hj),
where q is the ingestion rate of intermediate hosts by definitive hosts. There are numerous examples where indirectly transmitted nematode parasites alter taxic responses in intermediate hosts (Combes 1991) , thereby predisposing those hosts to make themselves more vulnerable to consumption by definitive hosts. For the sake of model generality, we incorporate this effect with the term ir, the proportionate increase in intermediate host loss rate due to increased susceptibility to predation.
(We obtain a special case if the parasite has no effect on host behavior, i.e., when 7r = 0.) Clearly, this is one area for considerable research on the ecology of P. tenuis transmission. The loss rate of infected intermediate hosts is described by ir qG(Hi + H1)Xlp(l), ? Estimates of the negative binomial parameter k were obtained using the formula in Krebs (1989:84) . ? Based on a X2 test for randomness (Krebs 1989:77) . Whenever a significant departure from randomness exists, the dispersion is aggregated.
where 21p(l) is the mean of the statistical distribution of larvae per intermediate host. As with adult parasites, the statistical distribution of larval parasites (L) per host has been found to be aggregated. Again, the form of the distribution in many cases is described by the negative binomial probability model (Dobson and Keymer 1985) . This is especially true for P. tenuis (Table 2). Accordingly, the mean 21p(l) is equivalent to L/G. The total loss rate of intermediate hosts to definitive hosts is obtained by adding Eqs. 3 and 4. After some algebra, the net loss rate of intermediate hosts to definitive hosts is given by ,q(H, + HJ)(G + irL).
Population dynamics of infective larvae
First stage larvae (LI) undergo development into second stage and infective third stage larvae (L2) once they are within the intermediate hosts. This development process requires 35-90 d to complete depending on the species of intermediate host and the host's physiological state (Lankester and Anderson 1968) . However, this development time is still less than the time required for the definitive hosts to complete one reproductive cycle. Thus, we assume that any developmental delay in parasite larvae is negligible when compared to the generation time of the definitive hosts. Accordingly, the production of infective larvae within intermediate hosts is assumed simply to occur at the rate AIL1G.
Very little is known about the mortality of infective larvae once they are within intermediate hosts. We assume that any loss of infective larvae occurs at a constant rate p,2L2 where .2 is the per capita loss rate of larvae.
Infective larvae also suffer a loss in numbers because of natural mortality of intermediate hosts that harbor them. This occurs at a per capita rate bg. The total number of larvae lost depends on the statistical distribution of larvae within intermediate hosts such that the loss rate of infective larvae due to mortality of their intermediate hosts is (Dobson and Keymer 1985) bgGVlp(l )-Again, given that the mean of this distribution is L/G, the loss rate can be written as bgL2.
Finally, infective larvae are lost because of transmission to definitive hosts via a predator-prey interaction between intermediate and the definitive hosts. The net loss rate of larval parasites to definitive hosts is (Dobson and Keymer 1985) 7ri1G(Hi + Hj)212p(l).
The statistical moment of a negative binomial distribution for 212p(l) is L22(k + 1)/G2k + L2/G May 1978, Dobson and Keymer 1985) . Incorporating this moment yields Eq. 5: rirG(H, + H,)(L22(k + l)/G2k + L2/G), (5) where k is a parameter of the negative binomial distribution that describes the degree of aggregation of the parasites; small values of k indicate a high degree of clumping (Anderson and May 1978) . Table 2 presents several estimates of k for P. tenuis larvae in several species of gastropod hosts. Statistical analyses indicate a highly significant degree of clumping of infective larvae in all intermediate host species.
Population dynamics of adult parasites
We make the simplifying assumption that all larvae survive to reach adulthood once they enter the definitive hosts. Because the transmission of larvae from intermediate hosts to definitive hosts occurs via a predator-prey interaction between definitive and intermediate hosts, the production of adult parasites is proportional to the densities of intermediate and definitive hosts and the degree to which larval parasites increase the susceptibility of intermediate hosts to predation. The rate of production is thus represented by Eq. 5.
We assume that adult parasites are lost due to three factors. First, adult parasites are lost to natural mor- Instantaneous death rate of infective larvae (larvae-' time-') k, k' Parameter of the negative binomial distribution that measures the degree of aggregation of L2 larvae in intermediate hosts (k) and adult parasites in definitive hosts (k') tality at a rate AuP where A, is the natural mortality rate per adult parasite. Next, parasites are lost due to host mortality from factors other than infection by adult parasites (i.e., intraspecific density dependence and interspecific competition). This occurs at a per capita rate bi + 3iHi + ai 3iHj + bj + fjHj + ajiojHi.
Finally, parasites are lost because of host mortality they have induced at a rate 61Hj1x2p(x). Because the distribution of adult parasites in definitive hosts can be described by the negative binomial model (Table 1) , we can substitute the statistical moment (P2(k' + 1 )/Hi2k' + P/H1) for x2p(x). Moreover, we assume that adult parasites only kill moose, so the parasite mortality due to host mortality they have induced is bmpHj[(P2(k' + 1)/Hjk' + P/Hj)], where k' is the negative binomial parameter for the distribution of adult parasites in the definitive host population.
Structure of the basic model
The assumptions detailed above give rise to the following system of coupled differential equations describing population growth rates of white-tailed deer (D), moose (Al), adult parasites (P), first stage larvae (L1), infective larvae (L2), and gastropods (G):
dG/dt = (ag -bg)G -71(D + M)(G + irL2).
( 1 1) For reference, all the parameters used and their definitions are summarized in Table 3 .
MODEL SOLUTIONS
In the absence of parasitic infection in both species, the competition equation (Eq. 2) produces the familiar linear growth isoclines for populations of white-tailed deer (D) and moose (Al) when population dynamics are evaluated at equilibrium (d/dt = 0):
To be consistent with the idea presented by Price et al. (1988) , we present the isoclines where moose competitively exclude white-tailed deer, in the absence of parasitic infection, in Fig. 2A .
To determine the effect of P. tenuis on the outcome of white-tailed deer-moose competition, we solved for the population growth isoclines using Eqs. 6 and 7. The isocline for white-tailed deer remains unchanged ( where P* is given in Appendix 2. The isocline is nonlinear in the M-D phase plane (Fig. 2B) . Because rd/ odd adm, rm/fm, and amd remain unchanged, the shape of the moose population growth isocline is determined by the term bmP*. The introduction of the parasite results in three scenarios (Fig. 2) depending on the magnitude of (1) the parameters that determine the transmission rates of different parasite life cycle stages, (2) the parasite-induced mortality rate of moose, and (3) the competitive difference between white-tailed deer and moose (adm/ amd).
In the first case, the moose and white-tailed deer isoclines do not intersect in the positive quadrant (Fig.  2B ), but the moose isocline remains farther from the origin than the deer isocline. Accordingly, moose will competitively exclude white-tailed deer despite being infected by the parasite. Conditions favoring this scenario are low transmission rates of larvae to intermediate hosts (A), low consumption rates of intermediate hosts by definitive hosts (X), low parasite-induced mortality rates (6), and a strong competitive difference between the two definitive hosts (i.e., adm/amd iS much larger than the minimum conditions for competitive exclusion). Basically, the strong competitive effect of moose on deer will offset any potential advantage the parasite may confer on white-tailed deer. In the second case (Fig. 2C) , deer and moose isoclines intersect once, producing an equilibrium point. The stability of this equilibrium is examined in Appendix 1. Basically, the equilibrium point will be either an unstable saddle point (Fig. 2C) , when moose will generally be more abundant than deer, or a stable point (Fig. 2C inset) , when deer will generally be more abundant than moose (Appendix 1). Conditions giving rise to a saddle point are low transmission rate of parasites to definitive hosts, a high parasite-induced mortality rate, and low competitive difference between the two species of definitive hosts (Appendix 1). A stable point equilibrium arises when there is a high transmission rate of parasites to definitive hosts, a low parasite-induced mortality rate, and a strong competitive difference between the definitive hosts (Appendix 1). Finally, the two population isoclines may not intersect in the M-D plane, but now deer competitively exclude moose (Fig. 2D) .
Empirical estimates of model parameters
Parameter estimates were obtained from various literature where specific aspects of the biology of whitetailed deer, moose, and meningeal worms were reported. To quantify mortality of deer in the absence of infection (bd + f3dD), we reanalyzed data in Messier (1991) . Messier (1991) included both intraspecific density dependence and predation mortality in a single analysis, so we partitioned the mortality data into the two components to estimate loss of individuals from time t to t + 1 to mortality other than predation. This assumed that 43% of the population in the particular study area was female (Mech and Kams 1977) and that 85% of the females were reproductive (Nelson and Mech 1986) . The relationship between population density at time t and mortality rate from t to t + 1 is presented in Fig. 1 . This is a conservative estimate of intraspecific density-dependent mortality. Instantaneous birth rate was estimated as ad = rd + bd, where rd = 0.20 (Tanner 1975 ) and bd= 0.05 (Fig. 1) . Mortality rates of moose in the absence of parasitism (bin + f,3M) were calculated also using data presented in Messier (1991) . Again, Messier (1991) included both intraspecific density dependence and predation mortality in a single analysis, so we partitioned the data into the two components. The equation relating mortality rate to moose population density is presented in Fig. 1 . This analysis assumes a 50:50 sex ratio in the moose population and that 65% of the females are sexually mature (Peterson 1977) . This represents a conservative estimate of density-dependent mortality rate in the moose population. Instantaneous birth rate was estimated as am = rm + bm, where r, = 0.10 (Tanner 1975) and bm = 0.03 (Fig. 1) . With regard to parasiteinduced mortality of moose (6m), most earlier studies conclude that if moose harbor even a single worm they will eventually die. However, Thomas and Dodds (1988) have suggested recently that moose may not succumb to the disease to the extent that was thought previously. Therefore, we varied am to determine the effect of different parasite-induced mortality rates on the population isoclines.
Choice of the competition coefficients (amd and adm) was arbitrary because there are no data available to quantify them. For the numerical analysis, we chose values of amd and adm that, in the absence of parasitic infection, satisfied the classic conditions for competitive exclusion (rm/fl > rd/fo,a,d and r,/f3dad, > rd/ OAd) Minimum values of amd and adm guaranteeing competitive exclusion were 0.5 and 1.45, respectively. However, we varied adm to examine the effect of different magnitudes of competitive effect of moose on white-tailed deer.
Production rate of L1 larvae (X) was estimated using data from Welch et al. (1991) , in which elk calves were clinically infected with meningeal worms and the output of L, larvae was monitored over a period of time that reflected the period of larval output during the course of an annual cycle. X was estimated to be 95 + 80 L, larvae during a seasonal cycle.
Information about the natural mortality rates of L, and L2 larvae (A, and A2) iS scant. Lankester and Anderson (1968) presented information which suggests that at least 35% of all larvae in each stage suffer natural mortality per season. We therefore set A, and A2 at 0.35. Specific values for the transmission rate of L1 larvae (A) are not available, but seem high (Lankester and Anderson 1968 ), so we set an initial value of 1.0 but conducted numerical analyses that varied this parameter by an order of magnitude. The consumption rate of intermediate hosts by definitive hosts (-q) is also unknown, so we set an initial value of 0.1, but also conducted numerical analyses that varied this parameter by an order of magnitude. The magnitudes of both these parameters were set so that, given all other parameter estimates, the population size of adult parasites would be within the range observed in natural populations ( Table 1) .
Estimates of parasite-induced susceptibility of intermediate hosts to predation (7r) are not available for P. tenuis. We used data for acanthocephalan parasites compiled by Dobson (1988; Table 3: 151) . 7r was estimated as 3.7 ? 1.9.
Estimates of the negative binomial parameter k are presented in Table 1 for definitive host populations (white-tailed deer and moose) and in Table 2 for intermediate host populations.
The intrinsic rate of increase of intermediate hosts (rg) was estimated to be 9.9 from an allometric equation relating body mass to natural intrinsic rate of increase (Fenchel 1974) .
Parameter values were substituted into Eqs. 6-11 and the moose isocline (M*) was then solved numerically (Appendix 2). Initially, we determined the effect of varying parameter estimates on model outcome by concentrating on the parameters for which there was little empirical information (i.e., adm, sm}, i, and A). However, we also conducted a sensitivity analysis by varying each parameter in turn by 10% and examining the effect on equilibrium densities of deer and moose. Again, the range of parameter values was selected so that the numbers of adult P. tenuis were within the bounds found in natural populations of definitive hosts (Table 1) .
Numerical solutions
The initial set of parameter values resulted in competitive exclusion of moose by deer (Fig. 3A) . Increasing adm, the competitive effect of moose on deer, from 1.45 to 1.65 resulted in a stable equilibrium between deer and moose (Fig. 3A) . Initially, we assumed that all moose harboring the parasite would die. By relaxing this assumption (Thomas and Dodds 1988) , and decreasing am from 1.0 to 0.7 (the range of observed mortality rates, Anderson 1972), we found that moose could exhibit either stable coexistence with deer, or even competitively exclude them (Fig. 3B) . Decreasing the consumption rate of intermediate hosts by definitive hosts (Xq) from 0.1 to 0.05 resulted in either an unstable equilibrium or competitive exclusion of white-tailed deer by moose (Fig. 3C) . Finally, decreasing the trans- mission rate of L1 larvae (A) from 1.0 to 0.1 did little to alter the outcome of the moose-deer interaction; deer always competitively excluded moose, due to the effects of P. tenuis.
Manipulating each parameter individually merely indicates the endpoints of a range of possible outcomes that could be obtained if combinations of several parameters deviated from initial approximations. For instance, in the analysis we required a 30% change in the magnitude of parasite-induced mortality, 6m, to get competitive exclusion of white-tailed deer (Fig. 3B) . However, slight increases in admw in conjunction with slight decreases in 63m, also resulted in competitive exclusion of deer.
Parameters are categorized according to the component of the parasite or host life cycle with which they are associated (e.g., mortality, transmission, etc.) in Table 4 where results of the sensitivity analysis are presented. Model solutions were most sensitive to variation in the competition coefficient, the parasite-induced mortality rate of moose, and the intrinsic rate of increase of the intermediate host (Table 4) . Parameters associated with the production and transmission of larvae (i.e., X, , ir) had a moderate effect on disease transmission (Table 4) . Mortality rates of different parasite life cycle stages did not seem to have an important effect on densities of deer and moose at equilibrium (Table 4) .
DISCUSSION
From a purely theoretical standpoint, we cannot conclude that invading white-tailed deer infected with P. tenuis will, in general, cause dramatic reductions in moose populations. Nevertheless, our results support the idea (Price et al. 1988 ) that, in certain cases, P. tenuis could be an effective "weapon of competition" for deer when, in the absence of infection, deer might otherwise be competitively excluded by moose. Each of the three cases result in different inferences about the importance of the parasite relative to other factors (e.g., habitat destruction) in declines of moose populations and consequently will have different implications for managing moose in the presence of the disease. For instance, if moose competitively excluded white-tailed deer despite being infected by P. tenuis (Fig. 2B) , or if there was a saddle point equilibrium (Fig. 2C) , moose density should remain high relative to deer. Consequently, a decline in moose populations cannot be attributed necessarily to invasion of infected white-tailed deer onto moose range, but must be attributed to some alternative factor. Also, the success of moose reintroductions to original range following declines in population size should depend on the outcome of the competitive interaction. For instance, it should be possible to reintroduce moose in the first two scenarios (Fig. 2B and C) but not the others.
To ascertain which of these scenarios might be more likely in nature, we quantified all the model parameters and solved numerically for the deer and moose isoclines.
The sensitivity analysis confirmed what has been suspected by others (Lankester 1987 , Nudds 1990 , namely, that parameters for which there is yet little information can have a dramatic effect on the outcome of deer and moose interactions (Fig. 4) . Until we have more data about gastropod ecology and the dynamics of larval transmission, it will be difficult to determine whether P. tenuis affects moose populations. In particular, the importance of growth rates of the intermediate hosts has been overlooked often in discussions about the ecological effects of P. tenuis (but see Irwin 1975 , Strayer et al. 1986 (Dobson and Keymer 1985 , Dobson and May 1986 , Dobson 1988 . Even moderate changes in these parameters could cause a switch from dominance by moose to dominance by deer (Fig. 4) .
Whereas P. tenuis may affect individual survival, it does not immediately follow that the parasite will have a dramatic effect on population size (Cole 1981 , Nudds 1990 , Welch et al. 1991 . Indeed, our model demonstrates that despite certain mortality ofindividual moose that harbor parasites, moose population size may still remain high. This is because the effectiveness of the parasite is also dependent upon the magnitude of the difference in competitive ability between moose and deer and the rate at which the parasite is transmitted from one host species to another.
It has been recognized that the effects of habitat alteration and parasite-induced mortality on moose populations are confounded. In our model system we isolated the effects of parasites from habitat changes and showed that the presence of infected deer can be responsible solely for moose declines in two situations ( Fig. 3B and D) . In each of these, moose suffered high parasite-induced mortality and didn't compete well with deer. If the other situations (competitive exclusion of deer by moose, or an unstable equilibrium [ Fig. 3A and C]) obtain in nature (at present, unknown), it will be necessary to invoke some other explanation (like habitat change) to explain widespread declines in moose. To test between these scenarios vs. habitat change will require empirical estimates of parasite-induced mortality on moose. In practice, however, these will be difficult to obtain from the field because parasite-induced mortality may be compensatory with, and so indistinguishable from, other forms of mortality. So, while it is plausible for infected deer to cause declines in moose populations, that result is highly sensitive to variation in parameters, like parasite-induced mortality, for which there is little empirical evidence (Table   4 ).
Nevertheless, even in these cases, moose populations should infrequently go to extinction. Thus, it is not necessary to invoke habitat refuges (Telfer 1967) to explain the persistence (albeit at lowered densities) of moose in deer range. Our results have implications for planning reintroductions of moose and other native cervids to former range now occupied by deer (Gogan et al. 1990) ; in particular, it may be premature to conclude that such reintroductions will necessarily fail (Bergerud and Mercer 1989) . Our result is also consistent with the observation that at least one population of moose reintroduced to deer range in northern Michigan appears to be growing (Aho and Hendrickson 1989) .
We cannot discount the possibility that white-tailed deer and moose exhibit competitive coexistence in the absence of parasitic infection (Cole 1981) . Recent evidence for other large herbivores (Sinclair 1979 , 1985 , Belovsky 1984 suggests that competitive coexistence is possible. Thus, white-tailed deer may not need P. tenuis to facilitate coexistence with moose. If deer were able to competitively coexist with moose, introduction of the parasite would not change the qualitative conclusions about the effects of the parasite generated by our model. However, the equilibrium values would change quantitatively. If moose and deer did not compete, the effects of the parasite might be manifested only as apparent competition (sensu Holt 1977) , in which case we expect deer to invade moose range and moose will be excluded. Indeed, deer were even able to exclude moose under weak competition with high parasite-induced mortality of moose. Regardless, this underscores that there may be a number of different explanations that result in similar predictions about white-tailed deer and moose dynamics (Cole 1981 , Nudds 1990 ).
In disease ecology, there is always a danger that evidence for significant effects of the disease on individual animals is interpreted to mean that there will be effects at the population level when, in fact, no such effects actually exist (Peterson 1991) . Perceptions about importance of P. tenuis in white-tailed deer-moose interactions are still largely untested hypotheses (Nudds 1990) . A priori modelling of the system is one way to examine these hypotheses. Our results suggest that under certain conditions P. tenuis may have a strong ecological impact, but that may not be generally true. Only extensive field studies focusing on quantifying the relevant components of the interaction among white-tailed deer, moose, and the shared meningeal worm will reveal whether P. tenuis has as pervasive a role as is claimed frequently (Nudds 1990) .
